Background Kinematics vary, sometimes in important ways, among the different types of total knee arthroplasty (TKA) designs, yet differences between the in vivo mechanisms of cam-post engagement in rotating-platform posterior-stabilized (PS) TKA, bicruciate-stabilized TKA, and fixed-bearing PS TKA designs remain largely uncharacterized.
Introduction
TKAs in general have provided good mid-to long-term survivability. However, the question on which type of implant configuration provides the best postsurgery outcomes is still a cause for debate [7] . One area of contention is whether the posterior cruciate ligament should be retained or substituted. Proponents of the cruciate-retaining design have suggested that the posterior femoral rollback seen in posterior-stabilized (PS) TKAs is the result of the ''guided motion'' provided by the cam-post engaging. During gait, fixed-bearing and rotating-platform/mobilebearing PS TKA designs have experienced similar kinematic patterns as those designs that lacked a cam and post mechanism [5] . This has been attributed to the fact that the cam and post mechanism of most PS TKA designs do not engage during lesser flexion activities such as gait. During a deep knee bend, however, PS TKA designs typically show greater posterior femoral rollback than designs without a cam and post mechanism [5, 6, 17] .
Few studies have been conducted that quantify the function of the cam-post engagement mechanism in PS TKAs [2, 3, 24] . Banks et al. [2] reported the minimum distance between the cam and post as a function of flexion in five knees with a primary fixed-bearing PS TKA. That study estimated cam-post engagement to occur at 40°of flexion during a stepup maneuver. Suggs et al. [24] investigated the flexion range at which cam-post engagement occurred during a lunge activity for 24 patients undergoing fixed-bearing PS TKA in vivo. They reported average contact angle of 91.1°with a range from 69°to 114°. Both of these studies were conducted on fixed-bearing TKAs and the effect of a mobile polyethylene insert on cam-post engagement has not yet been analyzed.
Another area of contention has been bearing mobility. The rotating-platform implant was designed to reduce contact stress, thereby reducing wear, and recreate more normal-like knee kinematics. In vitro studies have shown reduced wear with the use of a rotating-platform implant [9, 10] . However, kinematics, clinical outcomes, and survivability between fixed-and mobile-bearing implants have produced similar results in some studies [13, 19, 21] .
Hence, the objective of this study was to analyze the in vivo cam-post engagement mechanism in three different types of PS TKA designs. The analysis was conducted to determine four aspects of cam-post interaction during deep knee bend activity: (1) the flexion angle at which cam-post contact first occurs; (2) the cam-post distance throughout flexion; (3) the location on the posterior surface of the tibial post where contact occurs through flexion; and (4) the height of the contact of the femoral cam on the tibial post.
Patients and Methods
The patients selected for this study were part of three different kinematic studies conducted at The University of Tennessee-Knoxville. All subjects had well-functioning TKAs and were judged clinically successful (Hospital for Special Surgery knee scores [ 90) with no ligamentous laxity or pain. Internal review board approval was obtained from each institution involved in the data collection process, and informed consents were obtained for all the patients in the three studies.
Eight patients (nine TKAs) implanted with a PFC Sigma rotating-platform PS TKA (DePuy Inc, Warsaw, IN, USA) (rotating-platform PS group), five patients (five TKAs) implanted with a NexGen LPS-Flex fixed-bearing PS TKA (Zimmer Inc, Warsaw, IN, USA) (fixed-bearing PS group), and nine patients (10 TKAs) implanted with the Journey bicruciate-stabilized TKA (Smith & Nephew Inc, Memphis, TN, USA) (bicruciate-stabilized group) were selected. The bicruciate-stabilized implant is designed to resect the ACL and PCL and provide both anterior (anterior femoral cam/tibial post interaction) as well as posterior (posterior femoral cam/tibial post interaction) stabilization. All three TKA groups were implanted by different surgeons with each set of TKAs being implanted by the same surgeon. The age of the patients and postoperative times were kept as close to equal as possible (Table 1 ). This was done to create a more controlled data set during analysis.
Each patient was asked to perform a series of successive weightbearing deep knee bend cycles on the implanted knee while under fluoroscopic surveillance. The fluoroscopic images were stored on videotape for subsequent
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In the case of the rotating-platform PS polyethylene inserts, the three-dimensional (3-D) orientation of the radiolucent bearing was determined by identification of four metallic beads that had been embedded in the component at specified locations during the manufacturing process. Because three noncollinear points are needed to define a rigid body's spatial orientation, the four beads were inserted out of plane and as far away from one another as possible without compromising the integrity of the insert. This increases the probability that at least three of the beads are visualized during fluoroscopy.
The 3-D solid models for all the implant components were obtained from the respective manufacturers. Subsequent 3-D solid models of the polyethylene component having the strategically positioned beads were also created. Using a previously published three-dimensional-to-two-dimensional (2-D) registration technique [16] , 3-D implant orientations of the TKA implant components were determined for the individual fluoroscopic frames at specified degrees of flexion for the deep knee bend activity. The images were projected onto the image plane with the corresponding implant models added to the scene. Initially, the 3-D orientations of the femoral and tibial components are positioned by the operator manipulating the 3-D solid models into a position closely corresponding with their respective silhouettes in the digitized fluoroscopic image. Then the automated computer algorithm used a simulated annealing technique to determine the best orientation of the models. To determine the 3-D orientation of the polyethylene component, the polyethylene insert was made transparent, which resulted in only the embedded beads within the 3-D solid model being visible. The bead portion of the polyethylene insert was then matched to the fluoroscopic silhouettes of the embedded beads ( Fig. 1 ). Once complete, the full orientation of the polyethylene insert could be determined.
In the case of the fixed-bearing PS and bicruciate-stabilized TKAs, the polyethylene insert was fixed to the metallic tibial tray and no relative motion was assumed to occur between the tibial tray and the insert. To achieve the correct 3-D orientation, the polyethylene 3-D solid model was centered to the tibial 3-D solid model in both the AP and mediolateral directions before the overlay process.
The correct fit for each of the models was achieved when the silhouettes of the femoral and tibial components and the beads embedded (only for rotating-platform PS group) in the polyethylene bearing best matched their corresponding components in the fluoroscopic image. Once the 3-D-to-2D registration technique was completed, the 3-D implant orientations were imported into an in-housedeveloped analysis software. This package developed in MATLAB (MathworksÓ, Natick, MA, USA) enabled further determination of kinematic parameters of interest at the tibiofemoral and cam-post interface of the TKA implant components. Using this package, the analysis to determine the cam-post contact was carried out.
Initially, the mesh size of the femoral cam and the tibial post was imported into a meshing software (HyperMesh, Troy, MI, USA) and the mesh size pertaining to those areas was refined to contain approximately 10,000 tetrahedral elements. The refined models were then reintroduced into the analysis software and the contact between the cam and the post was determined. This was done by designating the femoral cam and the tibial post parts of the models as separate surfaces. The contact algorithm of the analysis software package was executed to determine the distance between the corresponding polyethylene and femoral surfaces. This analysis was conducted for every degree of flexion from full extension to maximum knee flexion. This was achieved by interpolating the 3-D kinematic data using a 6°spline interpolation technique to determine the kinematics for flexion angles not included in the fluoroscopic analysis. A distance of less than 0.5 mm was considered to RP-PS = rotating-platform posterior-stabilized; FB-PS = fixed-bearing posterior-stabilized; BCS = bicruciate-stabilized. A post hoc power analysis conducted on the chosen sample size revealed 0.81 power for determining difference in distances of 2 mm and 0.76 power for angles for determining a difference of 5°for flexion angle measurements using a significance criteria of 0.05. Statistical significance of 95% was determined using a nonparametric Tukey-Kramer honestly significant difference pairwise comparison test.
Results
Cam-post contact occurred at a lower flexion angle for the bicruciate-stabilized group when compared with the fixedbearing PS group (p \ 0.001) as well as the rotating-platform PS group (p \ 0.001), which was found to be statistically significant. There was no difference between patients in the fixed-bearing PS and rotating-platform PS groups (p = 0.765). There were two knees in the bicruciate-stabilized group and one knee in the rotating-platform PS group that did not exhibit cam-post engagement through their ROM. For the patients in the bicruciate-stabilized group, seven of 10 knees analyzed had the femoral component engaged with the anterior aspect of the tibial post at full extension (Fig. 5 ). However, the contact between them was lost in very early flexion (average, 4.9°; range, 0.0°-9.9°). When the posterior cam-post mechanism was analyzed for the three groups, it was seen that the engagement occurred at 34°for the bicruciate-stabilized (range, 17°-68°), 93°for the fixed-bearing PS (range, 88°-100°), and 97°(range, 90°-104°) for rotating-platform PS TKA.
The effect of the initial dwell point of the femur on the polyethylene insert played a major role in determining when cam-post contact occurred. The subjects in the bicruciate-stabilized group experienced a lower cam-post distance than their fixed-bearing PS (p \ 0.001) and rotating-platform PS (p = 0.003) counterparts, which was found to be statistically significant. There was no significant difference between the fixed-bearing PS and rotatingplatform PS TKA groups (p = 0.693). The average distance between the cam and the posterior aspect of the post at full extension was 9.3 mm (range, 5.5-11 mm) for the bicruciate-stabilized group, 19.1 mm (range, 13-23 mm) for the fixed-bearing PS group, and 17.3 (range, 14-21 mm) for the rotating-platform PS group.
The anterior contact in the bicruciate-stabilized group was always located centrally on the anterior aspect of the tibial post. As far as the posterior contact was concerned, in the bicruciate-stabilized ( Fig. 6 ) and fixed-bearing PS knees, the contact initially occurred toward the medial aspect of the posterior surface of the tibial post and then gradually moved centrally and superiorly with increasing flexion, whereas for the rotating-platform PS TKA, it was located centrally on the post at all times (Fig. 7) . The amount of medialization of the contact in the bicruciatestabilized and fixed-bearing PS groups was found to correlate with the amount of tibiofemoral axial rotation experienced by the patient with patients experiencing higher axial rotation having a higher tendency to demonstrate medial contact at the tibial post interface. The height at which the contact occurred on the posterior aspect of the post was variable among the three groups. The bicruciate-stabilized group experienced contact higher on the tibial post from either the medial tibiofemoral contact point or the lateral tibiofemoral contact point (average, 12.5 mm; range, 7.0-18.5 mm) than their fixed-bearing PS (average, 7.2 mm; range, 6.1-10.0 mm) (p = 0.02) and rotating-platform PS (average, 6.2; range, 3.0-11 mm) (p = 0.009) counterparts. There was no statistical difference on the cam-post contact height between the fixed-bearing PS and rotating-platform PS groups (p = 0.792).
Discussion
Multiple studies [4-6, 12, 14, 22, 23, 26] have demonstrated the kinematic performance of cruciate-retaining and PS-type TKA designs. Also, other studies [11, 17, 18, 20, 25, 27] have investigated the kinematic efficacy of a mobile polyethylene when compared with a fixed-bearing device. However, limited data exist investigating the various aspects pertaining to the cam-post interaction and the role bearing mobility plays in terms of cam-post mechanics. The present study investigates the cam-post mechanism in three different types of PS TKA and demonstrates the differences in terms of contact angle, location of the contact on the tibial post, and height of cam-post contact between the devices. In the three types of TKAs analyzed, we found that the bicruciate-stabilized TKA experienced lower contact angles, lower cam-post distance through flexion, and higher height of contact on the tibial post when compared with the fixed-bearing PS and rotating-platform PS TKAs. Also, the location of contact on the tibial post was located centrally on the post for the rotating-platform TKA while moved from the medial aspect of the tibial post to the center of the tibial post with increasing flexion in both of the fixed-bearing TKA designs.
Although this study is the first to our knowledge to compare cam-post interaction between fixed-and mobile-bearing TKAs, it does have some limitations. First, the sample size of the study is small. Despite the small sample size, the findings of this study clearly demonstrate the differences in the three groups of TKAs and are a good first indicator of trends among the groups. Second, the patients chosen were operated on by different surgeons and does not account for surgeon variability. Third, the effect of knee side of implantation, the differences between the femoral box and tibial post designs among the three TKA designs, differently sized implants within each TKA design, and mismatched tibial and femoral sizes for certain patients on cam-post engagement was not conducted in this study. Also, this study was conducted on a single TKA design for each of the rotating-platform PS, fixedbearing PS, and bicruciate-stabilized designs. Lastly, the cam-post engagement mechanism was estimated by using a single-plane fluoroscopy unit with a 3-D-to-2-D registration technique and 3-D solid models provided by the device manufacturers. The single-plane fluoroscopy technique, although accurate, does have an inherent error in the submillimeter range. The implant components (especially the polyethylene insert) do not take into account wear patients may have experienced postsurgery. Numerous kinematic evaluations have found larger magnitudes of posterior femoral rollback in native knees when compared with TKAs [5, 8, 15] . To replicate normal knee kinematics in TKAs, and to facilitate higher ROM postsurgery, implant manufacturers have used various philosophies. One of the commonly used configurations of TKA in the market today uses a cam-post mechanism to engage in midflexion and facilitate posterior femoral rollback to achieve higher flexion. Early cam-post engagement is not ideal, because it would mean that engagement would occur during every cycle of common-day activities (eg, walking) not requiring high flexion and increase the possibility of early tibial post wear. The present study found that the average cam-post contact for the bicruciate-stabilized TKA was 34°. This may increase the possibility for cam-post engagement to occur frequently during daily activities for this TKA design.
Studies conducted to evaluate the cam-post interaction in fixed-bearing PS TKA designs during common daily activities have exhibited cam-post engagement angles ranging from 40°during a stepup maneuver to 91°during lunge activities [2, 24] . A study conducted by Catani et al. [3] on five bicruciate-stabilized TKAs revealed anterior cam-post engagement to occur only in early flexion, whereas posterior cam-post engagement occurred at approximately 63°, 58°, and 50°during the chair-rise, stepup, and stepdown activities, respectively. The current study suggests similar results for the two PS-type designs with cam-post engagement occurring at 93°and 97°for the fixed-bearing PS and rotating-platform PS groups, respectively. However, the bicruciate-stabilized group experienced an average of 34°d uring the deep knee bend activity, which is contrary to that reported by Catani et al. The difference between the two studies is crucial because early cam-post interaction reported in this study could give rise higher tibial post wear.
Polyethylene design also plays an important role in determining the cam-post engagement. Designs that incorporate an anteriorized dwell point at full extension reduce the initial cam-post distance, thereby increasing the possibility of early cam-post engagement. This seems to explain the early engagement angle experienced by the subjects in the bicruciate-stabilized group. Among all three groups analyzed, the bicruciate-stabilized group experienced the most anterior tibiofemoral contact points at full extension ( Table 2 ). The fixed-bearing PS and rotatingplatform PS groups experienced a contact point that was posterior to the midline of the tibial component. This ensured a larger distance between the femoral cam and tibial post, thereby ensuring late cam-post interaction. Although the anterior location of the tibiofemoral contact point is desirable, because it mimics the normal knee, this study suggests that it could have a negative impact on campost interaction by forcing early cam-post interaction. This in turn may lead to abnormal tibial post wear. One subject in the rotating-platform PS group did not experience campost engagement. However, this patient exhibited a lower maximum knee flexion (86°) than the average cam-post contact angle (97°) for this group.
On the posterior cam-post interaction site, for the bicruciate-stabilized and fixed-bearing PS groups, the initial contact with the tibial post was achieved on the medial aspect of its posterior surface, before the contact area tended to move centrally and superiorly with increasing flexion. In the rotating-platform group, contact with the cam was located centrally rather than medially or laterally on the posterior surface of post during flexion. The polyethylene bearing did rotate axially with the femoral component ( Fig. 8 ) consistent with design intent, and this probably helped keep the axis of the posterior cam and the posterior surface of the bearing post nearly parallel throughout flexion. We speculate that this centralized symmetrical contact between the cam and posterior surface of the post could be beneficial clinically in terms of reducing wear of the posterior surface and particularly at the medial extremes of it. This phenomenon was not observed in the fixed-bearing TKAs and may increase the chances of edge loading on the polyethylene, resulting in wear patterns on the post in the fixed-bearing group. However, there are no data in the present study to suggest a direct correlation between cam-post wear and edge contact seen in the fixed-bearing TKAs. Also, the potential benefit of the rotating-platform TKA must be weighed against the additional adverse consequences that could be encountered with use of a rotating-platform tibial component.
Another consideration in designing the cam-post interaction is the ability of the cam-post contact point to remain low on the tibial spine with increasing flexion. This provides greater stability by increasing the jump height and also reduces stress in the tibial post by introducing the cam-post force at a location of maximum material [1] . In the current study, the cam-post contact height for the bicruciatestabilized TKA was statistically higher than the other two groups. For the fixed-bearing PS and rotating-platform PS groups, the contact occurred midspine and remained in the lower part of the tibial post. This finding suggests that the cam-post design for fixed-bearing PS and rotating-platform PS TKAs could result in lower cam-post stresses, thus reducing the chances for failure of the tibial post. This is the first study to our knowledge to compare the cam-post interaction mechanics in three different types of PS-type TKAs. It suggests that the mobility of the polyethylene insert in the rotating-platform PS TKA ensures central contact on the tibial post during flexion. Also, the polyethylene design pertaining to the tibiofemoral interaction in the rotating-platform PS TKA as well as the fixedbearing PS TKA ensures late cam-post contact, which is desirable to prevent excessive cam-post interaction. However, more research needs to be conducted to determine if the early contact seen in the bicruciate-stabilized TKA and the edge contact seen in the bi cruciate as well as the fixedbearing PS TKA have any direct correlation with excessive polyethylene post wear. 
